The existing Nordtest Methodology for Oil Spill Identification has over the past 10 years formed an important "platform" for solving oil spill identification cases both in the Scandinavian countries as well as other countries in Europe, the USA and Canada. '<Revisionof the Nordtest Methodology for Oil Spill Identification" is a co-operative project between the National Oil Spill Identification laboratories in Norway, Sweden, Finland, Denmark and Battelle Memorial Institute (Duxbury) in the USA. The goals of the project are: (1) to refine the existing Nordtest methodology into a technically more robust and defensible oil spill identification methodology with focus on determination of quantitative diagnostic indices (ratios) and (2) to adjust the revised Nordtest methodology into guidelines for the European Committee for Standardization (CEN), This paper presents the recommended methodology for defensible oil spill identification and assessment when a single oil source is involved and there are no confounding effects of pre-spill background hydrocarbons. The sampling techniques and handling of oil samples prior to their arrival at the environmental forensic laboratory is not covered in this paper, The recommended methodology approach is a result of documented analytical improvements and a more quantitative treatment of analytical data from gas chromatographic-flame ionization detector (GC/FID) and gas chromatographicmass spectrometer methods (GCLMS-SIM) and the operational experiences over past few years among the participating forensic laboratories. The © 2002 WIT Press, Ashurst Lodge, Southampton, SO40 7AA, UK. All rights reserved. Web: www.witpress.com Email witpress@witpress.com Paper from: Oil and Hydrocarbon Spills III, CA Brebbia (Editor). experience and literature in the field of oil exploration and production geochemistry have also played an important role for the recommended methodology. The results from a recent Round Robin test carried out among 12 laboratories using this new methodology is presented in a separate paper at this conference (Faksness et al. [6]).
Introduction

1J Revision of the existing methodology for oil spill identification
The existing N'ordtest Methodology for Oil Spill Identification developed in 1991 (NT CHEM 001, [12] ) has been used for chemical fingerprinting of samples from oil spills and suspected sources at environmental forensic laboratories in Scandinavia as well as at laboratories in e.g. the USA, Canada, the Netherlands, the UK, and Ireland.
Advances in both interpretive and analytical methods over the past ten years indicated that there was a need for further improvements to the existing Nordtest methodologyy. It is anticipated that various technical refinements would lead to a more quantifiable, objective and defensible means to differentiate among qualitatively similar oils fi-om a spill and any available candidate sources. . Refine the existing Nordtest methodology into a technically more robust and defensible oil spill identification methodology. The primary refinements focus on the use of Semi-quantitative analysis of petroleum biomarkers and an extended suite of parent and alkylated polycyclic aromatic hydrocarbons (PAHs) Determination of quantitative diagnostic ratios and statistical data treatment.
. Adjust the revised Nordtest methodology into guidelines for the European Committee for Standardization (CEN)
During Phase 1 of the project (2000) (2001) , the following tasks / activities were carried out: 1, Review of recently published oil spill (e.g., Wang et al. [20] ; Stout et al. [16] ) and the petroleum geochemistry (e.g., Peters and Moldowan [14] The CEN-guidelines are presently under development, and will cover the following issues:
Guidelines on the methodology for identification of waterborne oils. Guidelines for sampling of waterborne oils for oil spill identification. Analytical methodology and data processing specifications for oil spill identification.
It is also the intention of the CEN working group that the establishment of these CEN guidelines can form the common basis of the national oil spill identification protocol in each of the European countries, as well as being the norms for fhrther international use.
The methodology is restricted to oil samples of petrogenic origin containing significant proportion of hydrocarbons with boiling points above 200 "C, Examples are: Crude oils, diesel fuel oils, residual or bunker oils, lubricants, and mixtures of bilge and sludge samples, Thus, the methodology is not intended for application to automotive gasolines or other light petroleum products. When suspected sources are not available, the methodology is still usefid in that it can be used to thoroughly characterize the spill hydrocarbons by product type (e,g, crude, refined product, residual), and identify potential candidate sources on this basis. The methodology is further restricted to situations involving single source spills and where pre-spill petrogenic hydrocarbons form either natural or anthropogenic sources are absent.
Summary of the revised methodology for oil spill identification
Protocol / decision chart of analytical and data treatment levels
The new methodology is based on a revision of the Nordtest method NT CHEM 001 "Oil Spill Identification" [12] . A protocol / decision-chart of the new recommended methodology is shown in Figure 1 below includes the following tiered '{levels"of analyses and data treatment:
After sample preparation, the chemical fingerprinting analysis in the laboratory starts with a whole oil gas chromatography (GC/FID) screening analysis of all samples (i.e., both spilled oils and suspected sources). Results of this screening level analysis on each sample forms the basis for: q Characterizing the sample by obtaining the overall boiling (carbon) range of the spilled oil (i.e. total distribution of hydrocarbons including n-alkanes C1o-
Establishing selected acyclic isoprenoid indices/ratios readily determined using GC/FID, and Establishing a "weathering check" (self-normalizing to a non-weathered or weathering resistant compound). At this level of the investigation, the spill samples can be qualitatively and quantitatively compared to the suspected sources, and obviously "non-matched" samples can be ruled out and eliminated from additional levels of analysis.
Level 2:
The next analytical "level" is analysis of spill and candidate source samples using gas chromatography combined with mass spectrometry operated in the selected ion monitoring mode (GC/MS-SIM), This analysis is usefil for determining the content and distributions of a suite of petroleum biomarkers and polycyclic aromatic hydrocarbons (PAH) target analytes. These serniquantitative data form the basis for: . Generating a suite of calculated diagnostic ratios based on selected PAH for degree of weathering estimates and source identifications, . Generating a suite of calculated diagnostic ratios for selected biomarkers (hopanes and other triterpanes, regular steranes and diasteranes, and triaromatic steroids) for source identification. . Establishing a "weathering check" from a suite of selected PAH groups.
Level 3:
q Assess the impact of weathering (based on weathering check data of nalkanes from level 1 and eventual semi-quantitative distribution of the PAH groups from level 2) q Evaluate and eliminate those diagnostic ratios exhibiting considerable variability due to analytical variance and sample heterogeneity, q Correlation studies: Results from tiplicate analyses are used to calculate the analytical relative standard deviation followed by the selection of the more robust (i.e., precisely measured and weathering resistant) diagnostic ratios using the "Student's t" statistical tool, The results comparing the spill sample and suspected source(s) are presented in simple x-y plots, linear regressions are performed, and conclusions based on the "fit" between spill and source samples for the selected suite of robust diagnostic ratios can be made.
The results and the overall conclusions should be reported for the combined qualitative and quantitative results of the test methodology. The total assessment can be concluded by the following four operational and defensible identification terms (as in ASTM D3328-00 [1]): Positive match, probable match, inconclusive or non-match, which are defined in the conclusions of this paper. 
Visual and physical examination of samples
The visual appearance and physical characteristics of the oil/ emulsion samples, such as their color, density (e.g. ASTM-D4052-8 1), viscosity (.McDonagh et al [1l] ), emulsified water (e.g. Karl Fisher Titration) are parameters that optionally might be determined for characterization -particularly in cases connected to a response operation. Eventual content of free water and debris are noted visually and reported. It is also recommended that each sample be photographed to document its "as-received" condition.. Wood, fabric, feathers and other debris should be removed from the sample with a pair of tweezers and noted in the report,
Sample preparation
The same sample preparation procedure is followed for both GC/FID and GC/MS analysis (i.e. the same extracts are analyzed for both analysis). If a sample clean-up must be performed, eventual recovery internal standards are added after the clean up, if required (Daling and
If a sample cannot be prepared immediately after arrival at the laboratory, it should be stored in a secure refrigerator (5i2°C), Sample preparation should not be delayed more than three days, particularly in cases concerning emulsions or samples containing visible amounts of water, Specific procedures for preparation of water-free oils sample, emulsified oil samples, oily water samples, Teflon net used for thin oil films, samples from oily birds, animals and debris on shore are given in Faksness et al. 
Total evaluation of analytical data
When evaluating the analytical data, it is important to have a good understanding of how the variety of weathering processes i.e. evaporation, dissolution, photochernical oxidation, microbial degradation etc. may influence on the analytical results. Within a term of hours to days after an oil spill, evaporation may cause considerable changes in chemical composition and physical properties of the spilled oil that have to be taken into account in the interpretation of the defensive oil spill identification analysis (Wang and Fingas [21] ), Also "re-distribution" of chemical components in the oil (i.e. wax-enrichment /-depletion) can be observed as a result of oil being exposed to the turbulence at sea and in the surfzone (StrOm-Kristiansen et al. [19] ).
GC -FID screening
The GCiFID approach is used as a quick screening characterization of the oil samples. The GC/FID chromatogram (Level 1 in the Decision Chart) gives a descriptive "picture" of the distribution of the dominating hydrocarbons in a sample (e.g. individual resolved n-alkanes and major isoprenoids, as illustrated in Fig. 2 .), They also provide good information on the weathering extent of the spilled oil, and also if any "characteristic features" or possible "contaminating" components are present. For biodegraded oil, the n-alkanes are normally the predominating /characteristic peaks distributed regularly over the whole retention interval, Figure 2 Whole oil GC/FID chmxnatogram of a non-weathered Oseberg crude oil (North Sea province).
The ratios behveen or among normal alkanes and acyclic isoprenoids, e.g., n-C,7/'Pristane, n-C18 /Phytane and Pristane/ Phytane are important diagnostic indices assessable in the GC/FID chromatograms (these ratios should be based on peak heights, Daling and Faksness, [2]).
It is important to note that, if the analysis reveals differences not caused by analytical inaccuracy or by weathering, the analysis may be concluded at this point, since non-match has been established. However, if there is any doubt, the identification process should be continued, 3.1.1 Weathering check of n-aikanes GC analyses alone may give limited oil diagnostic characteristics when the petroleum sample has been highly weathered (e.g. samples taken from thin oil films at sea) or when the oil type in the samples are very similar (e.g. diesel oils and mineral oils of similar boiling ranges and alkane composition).
To get an illustrative picture of the degree of weathering, a simple "weathering check" can be obtained by integrating (or measuring peak heights) oil md~~~dwcavhon Spi [[s [[I 85 of the n-alkanes in the GC/FID chromatogram and display the sample comparison in bar-charts normalized to non-weathered compounds, Figure 3 gives an example of such a bar-chart, where the n-alkanes have been normalized to n-C25, Such presentation of the n-alkane distribution in the samples will also reflect information on potential waflparaffm redistribution as a part of the weathering process (Stram-Kristiansen et al. [19] , see 
GC/MS analyses data of biomarkers and PAHs
The recommended GC/MS method provides the significant advantage of being applicable for determination of biomarker compounds and the PAH including the alkylated hornologues ( 
>C3>C4.
q NO 10SS of alkylchrysenes (4-rings) due to evaporation, An illustrative check on weathering effects on the PAHs can be obtained by normalizing the PAH data relative to C30-hopane (based on peak area, Daling and Faksness, [2]) and presented graphically, as shown in Figure 5 . The decalins are in the same boiling point area as the more water soluble naphthalenes, and are therefore useful "reference components" to reveal any loss of PAHs due to dissolution in addition to eventual evaporative loss.
Relarive diswibutm of PAHs ;, Aswiia:l 9Frew oil C32SO+
.. [20] and Stout et al [18] ), The most common diagnostic PM-I families are the dibenzothiophenes and the phenanthrenes. Methyldibenzothiophenes (C 1-dibenzothiophenes, CN3-C19 boiling range, rrdz 198, Figure 6 ) are usually present in crude oils in easily detectable concentrations. The distribution profiles and ratios among C 1-dibenzothiophene isomers are often distinct from oil to oil. The ratios of isomeric Cl -dibenzothiophenes are subject to little interference from evaporative weathering of short-term or lightly weathered oils, Among the C 1-dibenzothiophenes, the bacteria most preferentially tend to degrade the 2-/3 -methyldibenzothiophene isomers (Wang and Fingas [21] ). The ratio 4-MD/l-MD is therefore often used as a diagnostic ratio, Retene, (C1g-C2z boiling range, dz 234, Figure 7 ) is an aromatic diterpane (lmethyl-7-( 1-methylethyl)-phenanthrene) derived from plant resins (e.g. abietic acid), and is highly resistant to weathering. The diagnostic ratio between retene and total C4-phenanthrenes can be a useful feature in distinguishing among otherwise similar oils (Stout et al. [18] ).
Methylphenanthrenes (Cl -phenanthrenes, C,8-C,9 boiling range, rdz 192, Figures 8a and b) can provide valuable information in forensic investigations, particularly in cases involving middle distillate fuels, in which the C 1-phenanthrenes are common constituents. The distribution of Cl -phenanthrene isomers in a crude oil is sensitive to both the source rock facies from which the oil was generated as well as its geological thermal maturity. Furthermore, the 2-methylphenanthrene isomer is more sensitive to biodegradation in the reservoir than the other isomers (Radke [15] , Wang and Fingas [21] ). The ratio 2-MP/l -MP is therefore recommended as a diagnostic ratio.
Methylphenanthrenes have also reportedly been used to differentiate between crude oil and bunker oil (Eurocrude [4] ). According to this research, in many crude oils, the fust doublet peak (3-and 2-methylphenanthrenes) is smaller than the second doublet (9-/4-and 1-methylphenanthrenes) and the methyl-anthracene (the peak between the two doublet peaks) is very small or insignificant (e.g., see Figure 8a ). While, for bunker fuel oils, the fust doublet peak is reportedly higher than the second doublet (even for highly weathered fuel oils), and the methylanthracene (the peak between the two doublets) is often more pronounced (Eurocrude, [4]; e.g., see Figure 8b ). This statement must, however, only be considered as "indicative", and not always be valid [e.g. Faksness et al. [6] ).
Thus, in total there are six recommended diagnostic ratios derived from the PAHs that are given in Table 2 , Following the approach employed by petroleum geochemists (e.g., Weiss et al, [22] ), all of these ratios (e.g. between a peak A and a peak B) are calculated as percentages based on the formula(1): 
Diagnostic ratios of biomarkers
Biornarkers are naturally occurring, ubiquitous and stable hydrocarbons that occur in crude oils and most petroleum products. They are complex molecular fossils derived from once-living organisms, Biomarkers' specificity, diversity, complexity, and relative resistance to weathering therefore make them extremely usefid "markers" in the characterization and differentiation of spilled oils and candidate source oils (Stout et al. [16] ). The most common biornarkers used by organic geochemists include terpanes, steranes and mono-and triaromatic steroids (Peters and Moldowan [13] , [14] ).
By making use of the experience gained by petroleum exploration and production geochemistry, combined with an extensive analysis of a large number of oils (Faksness et al., [6] ), a suite of 18 diagnostic biomarker ratios have been selected as defensible indices to differentiate among qualitative similar oils from spills and available candidate sources. Figure 9 illustrates the span of the values for 23 selected diagnostic ratios (18 biomarkers and 5 PAHs ratios) among 28 different crude oils and refined oil products (Faksness et al.
[6]). Peak#   21  22  27  28  29  30  31  23  24  25  26  29   Abbreviation  27dbS  27dbR  28aaR  29aaS  29bbR  29bbS  29aaR  27bbR  27bbS  28bbR  28bbS 
Criteria for elimination of diagnostic ratios
It is important to realize that the suite of diagnostic PAH and biomarker ratios (as suggested in Tables 2, 3 , 4, and 5) are neither all inclusive nor appropriate for all oil spill identification cases, In some spill cases it may be prudent to include a certain characteristic feature of the spilled oil that is recognized as particularly diagnostic. In other situations, the abundance for some compounds necessary for determining the suggested diagnostic ratios are below analytical measurable limits, Thus, maintaining flexibility in the selection of diagnostic ratios to be used in a specific case study is very important. Acquiring a broad range of target compounds (i.e., ion chromatograms) allows that flexibility. In order to evaluate statistically the precision of the "quantitative" diagnostic ratios, the use of replicate samples is strongly recommended, A triplicate analysis (preferable for one of the spilled oil samples) is recommended to evaluate the laboratory preparation of sample and instrumental precision for any diagnostic indices/ratios under consideration in an oil spill investigation. Only those indices that can be measured precisely should be evaluated for comparing candidate sources to a spilled oil. This is important because without some means of testing whether or not a given diagnostic ratio is statistically different (or the same) between samples, the ability to defensibly correlate a spilled oil to a candidate source is significantly undermined (e.g. Stout et al, [17] ).
To accommodate both for the limitation in analytical precision and impact of eventual samples inhomogeneity (e.g. spill samples variability due to weathering or e.g. variability within the samples from a suspected source due to inhomogenaitim in th atmfqp Wfk), "-II+ -'-1
[1~] hSIJCIIflfp+~~~rrnto~nl by which candidate diagnostic ratios are evaluated in order to identify those that are most useful for further correlation analysis, The flowchart (slightly modified from Stout et al [16] ; [17] ) describing the suggested protocoI is shown in Figure  13 . The evaluation of the indices (diagnostic ratios) can be conducted by a simple statistical test (relative standard deviation) to identify those ratios that are unaffected by sample heterogeneity and analytical precision. 
Correlation analysis
The recommended method requires triplicate analyses of one of the samples (preferable the spill sample) to calculate the analytical standard deviation of the diagnostic ratios (DR). The accuracy of the instrumental analysis and calculation of diagnostic ratios relies on the measured variability of the triplicate analyses. The values can be calculated as the relative variation at a 95 VO cotildence interval or cofi~dence limit (CL) in triplicate samples using the "Student's t" statistical tool. The Student's t distribution can be described by two parameters: the mean value,~, which is the center of the distribution, and the standard deviation, .s, which is the spreading of the individual observations around the mean. Given oil and ffidrocwbm .Tpills [11 99 those two parameters, the shape of the distribution further depends of the number of degrees of fieedomj IV-1, where N is the number of observations (i.et analyses). When the number of observations increases towards an infinite number, the Student's t-distribution becomes identical to the normal distribution.
The confidence interval is an expression stating that the true_mean, M is likely to lie within a certain distance from the measured mean, x. The contldence interval of A is given by where s is the measured standard deviation between number of observations and t is the Student's t, taken The degrees of freedom in Table 6 are defied as N-1.
(2) kiplicate samples, N is the from Table 6 (Harris [10] ), The mean value,~, and the standard deviation, s, are calculated from Excel. If triplicate samples are analyzed (N= 3), the degree of freedom is 2, and a 95% cotildence level gives t = 4,303 (from table 6), Formula (2) can then be simplified to formula (3):
The results of comparing the spill sample and suspected source(s) are presented in simple x-y plots, linear regressions are performed, and conclusions based on the "fit" between spill and source samples for the selected suite of measured diagnostic ratios can be made.
The straight-line (x = y) presents "perfect" match (i.e. all DRs for the spill sample is exactly the same as for the source oil), If the error bars of all diagnostic ratios are overlapping the line, the spill sample displays a positive match to the source oil (i.e. within the analytical variation).
An example of a positive match between the spill and the suspected source sample ("A") is given in Figure 14a , wtile Figure 14b shows an example of non- Based on the experience from a Round Robin test (Faksness et al.
[7] and [9]), il recommended that the correlation analyses of the diagnostic ratios are used to classify samples as described in Table 7 . 
DR = diagnostic ratio
It is important to visually inspect the chromatograms, and not only the measured ratios, before conclusions are made. In accordance to the decision chart in Figure 1 , the final conclusion must be made based on a total evaluation using all available data.
Conclusion
The revised Nordtest methodology for oil spill identification presented in this paper is based on a GC/FID screening of all involved samples (Level 1) and a GC/MS fingerprinting of spill and candidate source samples (Level 2), from which 24 diagnostic ratios of selected PAHs and biomarkers are extracted, Diagnostic ratios are evaluated and selected on the basis of their analytical variability and changes due to weathering. Only those diagnostic ratios that can be precisely measured and are resistant to weathering effects are used for correlating spill and candidate oil samples (Level 3), By statistical treatment of the correlations using cotildence limits and an overall assessment of results from all analytical levels, the oil spill identification case study using this methodology can be concluded in terms of four operational and technically defensible identification terms (as in ASTM D3328-00 [1]): Positive match, probable match, inconclusive or non-match. These categories represent degrees of differences between the analyses of two oils according to the present criteria: Positive match: The chromatographic patterns of the samples submitted for comparison are virtual identical and the only observed differences between the spill sample and the suspected source are caused by acceptable analytical variance andlor weathering, Probable match: The chromatographic patterns of the spill sample is similar to that of the samples submitted for comparison, except: (a) for obvious changes which could be attributed to weathering (e.g. loss of lower-molecular-weight peaks, wax redistribution etc.), or (b) differences attributable to specific contamination. Inconclusive: The chromatographic patterns of the spill sample is somewhat similar to that of the sample submitted for comparison, except for certain differences that are of such magnitude that is impossible to ascertain whether the unknown is the same oil heavily weathered, or a totally different oil. Non-match: Unlike the samples submitted for comparison,
In the event of non-match, it is possible to stop the analytical procedure as soon as significant differences (not attributable to weathering) are confiied. This will save time and resources in cases where the suspected source cannot be Oi [ und Hldrocarhm .Tpllls [[l responsible for the pollution. Otherwise, the further "levels" in the process will provide more extensive, specific and conclusive documentation.
